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Description 

SYSTEM FOR ROTATION MEASUREMENT 
WITH LASER INTERFEROMETRY 

[0001] This application claims the benefit of U.S. Provisional Application No. 60/481,269, 
filed August 20, 2003. 

TECHNICAL FIELD 

[0002] The present invention relates generally to the field of optical measurement, and 

more particularly to accurately detecting rotation characteristics of a work piece. It is 
anticipated that primary applications of the present invention will be in 
manufacturing of highly precise assemblies and in industrial and laboratory 
processes requiring high precision position detection and control. 

BACKGROUND ART 

[0003] The laser interferometer is widely used as a length standard due to its ability to 
provide very high accuracy. For example, almost all CNC and CMM machines in 
use today in machine shops and factories are routinely calibrated by laser 
interferometer to ensure accurate performance. Another example is the 
manufacture of high density semiconductor chips. This is made possible by the 
laser interferometer, which allows the photomasks for circuitry to be projected on to 
small areas of wafers. In sum, the laser interferometer plays a crucial role in the 
advancement of modern technology. 

[0004] 

FIG. 1a (background art) is a block diagram showing the basic concepts of linear 
measurement with a laser interferometer. In this depiction, an outgoing laser beam 
goes through a beam splitter and is separated into two components. One 
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component, a reference beam, is reflected to a reference cube corner and returns in 
the opposite direction. The other component, a measurement beam, transmits 
though the beam splitter and shines on a target cube corner which is mounted on a 
target object. The measuring beam also returns in the opposite direction, and 
interferes with the reference beam. Both the reference and measuring beams have 
an offset caused by the cube corners. The interference signal is at a maximum 
when these offsets are equal for both beams. 

[0005] There is no offset if both beams are shining at the apex of cube corners, but the 

laser beams will then coincide with the outgoing beam from the laser head. There is 
no place to put the detector in this case and a modification of optical configuration 
will be needed. For example, quarterwave plates can be placed between the 
interferometer optics and the target so that the returning laser beams are directed to 
the direction normal to the original direction. FIG. 1b (background art) is a block 
diagram showing A/4 plates added to the interferometer to direct laser beams 
normal to the direction of the incident beam. 

[0006] Unfortunately, the laser interferometer has a major limitation in that it can only 
measure the movement of an object in a straight line. Angular measurement is 
difficult when a target object moves out of the laser beam path, because the signal 
is then lost. This is why "angular interferometers" today have a limited measurement 
range, typically of less than 35 degrees. (Examples of such angular interferometers 
are provided commercially by Excel Precision Corporation, Agilent Technologies, 
and Renishaw PLC.) 

[0007] FIG. 2 (background art) is a block diagram showing what happens when the cube 
corner on the target object moves in an arc. The cube corner moves out of the laser 
beam's path and the signal is lost. The displacement of this transverse movement is 
determined by 2*R*(1-cos 9), where 9 is the rotational angle and R is the radius of 
rotational curvature. The maximum path of the arc at which measurement can 
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continue is at the angle where the reference and measuring beams have smallest 
overlap but still produce adequate interference. 

[0008] Theoretically, the closer the cube corner is to the rotation center, the less 

displacement of offset will occur. The structure of the cube corner, however, has a 
limitation of its acceptance angle. This full acceptance angle is approximately 40 
degrees. So, shortening the radius of the rotation does not bring much advantage. 
For a 6 mm diameter laser beam, the most ideal radius is approximately 30 mm, 
and the full acceptance angle is approximately 35 degrees. 

[0009] Due to the limitation just discussed, the progress of rotational measurement in 
industry is not as advanced as the progress of linear measurement. Traditional 
autocollimators are still used in most angular measurement, but these are not only 
less accurate but also more time consuming. For example, calibration of the X-, Y-, 
and Z-axes in a manufacturing or laboratory environment typically takes only thirty 
minutes by laser interferometer, but the rotational measurement of a single axis 
alone typically takes more than thirty minutes when done by autocollimator. 

[0010] It therefore follows that the metrology community is badly in need of a laser 

interferometry technique for rotational measurement, particularly one suitable to 
measure rotational movement through a complete circle. 

DISCLOSURE 

[001 1] Accordingly, it is an object of the present invention to provide system for rotation 
measurement using interferometry. 

[0012] 

Briefly, one preferred embodiment of the present invention is an apparatus for use 
in rotational measurement. A rotational assembly is provided that is able to rotate 
about a rotational axis. At least two interferometers are also provide, wherein each 
is able to receive a respective light beam, to separate said it into both a reference 
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beam and a measuring beam, to direct said its measuring beam to the rotational 
assembly, and to receive its measuring beam back from the rotational assembly. 
The rotational assembly includes a number of cube corners mounted such that at 
least one is always able to receive from and reflect back to one of the 
interferometers its respective measuring beam as the rotational assembly rotates 
about the rotational axis. The interferometers then each are further able to combine 
their respective reference and measuring beams into a detection beam. At least one 
of these detection beams then includes an interference signal that can be 
processed to measure the rotational movement of the rotational assembly and any 
work piece target attached to it. 

[0013] An advantage of the present invention is permits rotational measurement, in excess 
of 30 degrees and even throughout 360 degree rotations. 

[0014] Another advantage of the invention is that it can operate in either a linear mode, 

provided that the axis of rotation is known, or in a differential mode, wherein the axis 
of rotation need not be known. 

[0015] And another advantage of the invention is that it may employ essentially 

conventional elements, albeit in a heretofore not known approach, to provide the 
economy, efficiency, and particularly the accuracy of interferometric measurement 
for rotational measurement. 

[0016] These and other objects and advantages of the present invention will become clear 
to those skilled in the art in view of the description of the best presently known 
mode of carrying out the invention and the industrial applicability of the preferred 
embodiment as described herein and as illustrated in the figures of the drawings. 

DESCRIPTION OF DRAWINGS 
[0017] 

The purposes and advantages of the present invention will be apparent from the 
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following detailed description in conjunction with the appended figures of drawings 
in which: 

[0018] FIG. 1a (background art) are a block diagrams showing the basic concepts of linear 
measurement with a laser interferometer, wherein FIG. 1 b (background art) is a 
block diagram showing A/4 plates to the interferometer of FIG. 1a to direct laser 
beams normal to the direction of the incident beam. 

[0019] FIG. 2 (background art) is a block diagram showing what happens when the cube 
corner on the targeted object an interferometer such as those of FIG. 1a-b in moves 
in an arc. 

[0020] FIG. 3 is a stylized top view of an embodiment of a rotational measurement system 
that operates in two planes and is in accord with the present invention. 

[0021] FIG. 4 is a perspective views showing a 3-plane rotary assembly based on an 
extension of the concept described for FIG. 3. 

[0022] FIG. 5 is a stylized top view showing a rotational measurement system, in accord 
with the present invention, that is suitable for performing differential mode 
measurement. 

[0023] FIG. 6A-C (extending across three pages) is a flow chart showing a process 

suitable for measurement in three planes, with each plane having four cube corner 
pairs that are 90( apart. 

[0024] And FIG. 7 is a perspective side view of a rotational measurement system 

employing a Zeeman-type laser interferometer to perform rotation measurement 
following the process in FIG. 6A-C. 

[0025] In the various figures of the drawings, like references are used to denote like or 
similar elements or steps. 
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BEST MODE 

[0026] A preferred embodiment of the present invention is a rotational measurement 

system. As illustrated in the various drawings herein, and particularly in the views of 
FIG. 3-7, some exemplary preferred embodiments of the invention are depicted by 
the general references 10, 50, 100, and 150. 

[0027] FIG. 3 is a stylized top view of an embodiment of a rotational measurement system 
10 that operates in two planes and is in accord with the present invention. The 
apparatus of the rotational measurement system 10 in one plane is shown here in 
solid outline and the apparatus on the other plane is shown in dashed outline. 

[0028] The rotational measurement system 10 includes a rotary assembly 12 that consists 
of twelve pairs of cube corners 14, arranged as opposed units that are mounted at 
respective ends of mechanical arms 16, as shown. These mechanical arms 16 
extend so that the pairs of cube corners 14 are 30( apart, and thus so that the 
twelve pairs cover the complete 360( range of a full circle. 

[0029] The rotational measurement system 10 also includes two interferometers 18 and 
one or more lasers (not shown here) that produce two laser beams 20. As is now 
described, the laser beams 20 become detection beams 22 that can be detected by 
two detectors to provide signals that are processed by measurement electronics 
(not shown here). 

[0030] since the maximum angle at which a laser interferometer can typically be used to 
measure is approximately 35(, the arrangement of the rotary assembly 12 is made 
such that there will always be one cube corner 14 available for measurement 
wherever the rotary assembly 12 is located. In the rotary assembly 12 here an extra 
5( of angular range is provided that allows the next pair of cube corners 14 to take 
over measurement when the rotary assembly 12 rotates by 30(, i.e., as the previous 
pair is reaching its 30( range limitation. This ensures that there is no interruption 
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when measurement is greater that 30( or even through a full circle. 

[0031] Ideally, one would put all twelve pairs of cube corners 14 in the same plane. 

However, that is physically difficult because their size can cause them to block 
beam paths if the length of the mechanical arms 16 of the rotary assembly 12 are 
not long enough to provide adequate clearance. To deal with this, the twelve pairs 
of cube corners 14 can then be placed on multiple planes, as is done in the 
rotational measurement system 10. 

[0032] Depending on the size of the cube corners 14 and the length of the mechanical 
arms 16 that one chooses, the physical dimension of the cube corner 14 in the 
previous pair might block the path of the laser beam 20 to the next cube corner 14. 
Therefore, the number of the pairs of cube corners 14 can be six pairs that are 
respectively mounted 60( apart in the two measurement planes, to receive beam 
components from the two laser beams 20 as shown in FIG. 3. 

[0033] FIG. 4 is a perspective views showing a rotary assembly 40 based on an extension 
of the concept just described for FIG. 3. The rotary assembly 40 here has three 
measurement planes 42a-c each including four pairs of cube corners 14 mounted 
on two mechanical arms 16 such that the pairs in a respective plane are 90( apart, 
and such that the cube corners 14 in adjacent planes are 30( apart. This rotary 
assembly 40 can be used with three laser beams (not shown here), and is used in 
the example embodiment of the invention depicted in FIG. 7 (discussed presently). 

[0034] 

Continuing now with FIG. 3, during measurement the laser beam 20 from a single 
laser head is preferably split into several beam components to each measure the 
rotation in one measurement plane. That is, a single laser head is preferably used 
to produce all of the laser beams 20 in an embodiment. When a first laser beam 
component is reaching the full angular range of a cube corner 14 in its plane, 
thereby limiting the utility of the interferometer 18 in that plane, a second laser beam 
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component, cube corner 14, and interferometer 18 in the other measurement plane 
take over, etc., with this process simply repeated as each cube corner 14 reaches 
its full measurement angle. 

[0035] The most straightforward way to perform position measurement is to use a single- 
path interferometer (i.e., an interferometer in which the measuring beam shines on 
a target only once; verses a multiple-pass interferometer in which the measuring 
beam shines on the target more than once, thus increasing resolution). For the sake 
of simplicity the examples used herein use single-path interferometers. Once those 
examples are studied, however, those of ordinary skill in the art will readily 
appreciate how this invention may also be embodied with multi-pass 
interferometers. 

[0036] LINEAR MODE 

[0037] FIG. 3 further illustrates how the rotational measurement system 10 can operate in 
a linear mode. The rotary assembly 12 is first attached to the rotational axis of a 
work piece (not shown). This permits the cube corners 14 to act as optical targets 
and it follows that when the position and movement of such an optical target is 
known, the position and movement of the attached work piece target is also known. 

[0038] 

The linear measurement mode is suitable when the rotational center is known, and 
measurement can then be conducted as follows. Both a reference beam component 
24 and a measuring beam component 26 are provided from the laser beam 20, for 
instance, in essentially the same manner as discussed for FIG. 1a-b (background 
art). The reference beam component 24 is reflected by a beam splitter portion 28 
into a cube corner portion 30 of the interferometer 18, and then reflected back. The 
measuring beam component 26 passes through the beam splitter portion 28 of the 
interferometer 18, is reflected by a cube corner 14 in the rotary assembly 12, and is 
also reflected back. The returning beam components 24, 26 then recombine in the 
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interferometer 18 and produce the detection beam 22 including an interference 
signal. 

[0039] When the mechanical arm 16 of the rotational measurement system 10 is rotating, a 
targeted cube corner 14 moving toward the measuring beam component 26 
observes an increase of frequency. Conversely, a targeted cube corner 14 moving 
away from the measuring beam component 26 observes a decrease of frequency. 
This occurs due to the well known "Doppler shift" principle, discussed in many 
references. When the reference beam component 24 and the measuring beam 
component 26 are combined again, the interference that has resulted is directly 
related to the velocity of the movement of the target cube corner 14, and information 
about the total displacement of that cube corner 14 can be extracted in conventional 
manner. 

[0040] With continued reference to FIG. 3, pairs of cube corners 14 are shown there but it 
should be noted that single cube corners 14 can also be used in embodiments 
where only linear mode measurement is performed. However, since the inventor 
anticipates that most embodiments of this present invention will be used 
interchangeably for both linear and differential mode measurement, or exclusively 
for differential mode measurement, it is expected that most embodiments of the 
invention will use pairs of the cube corners 14. 

[0041] DIFFERENTIAL MODE 

[0042] 

In many cases the exact location of the rotational axis of a target is not well known 
and the measured results from the linear mode will not be accurate. To handle such 
cases, simultaneous measurement for the movement of two cube corners 14 may 
be used. Since both are performing measurement during rotation and the 
separation between them can be exactly known, the positional difference between 
readings divided by the separation length between the two targeted cube corners 14 
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here gives one the angle of rotation. Differential operation therefore does not 
require a knowledge of the exact position of the rotational axis, beneficially 
eliminating the need to place the optically targeted portion of an embodiment of the 
present invention operating in differential mode at the exact rotational axis. 

[0043] For example, the rotational center of the rotation table of a CNC or CMM machine is 
sometimes not easily identified during actual measurement scenarios. The 
differential measurement technique that the present invention permits can therefore 
be very useful during the initial hardware set-up of such machines. 

[0044] FIG. 5 is a stylized top view showing a rotational measurement system 50, in accord 
with the present invention, that is suitable for performing differential mode 
measurement. To simplify the explanation, measurement on only one plane is 
shown here. The very same rotary assembly 12 with cube corners 14 and 
mechanical arms 16 as used in the rotational measurement system 10 (FIG. 3) may 
be used here. The interferometer optics in the rotational measurement system 50, 
however, include a beam splitter 52 and a beam bender 54, in place of each 
interferometer 18 in the rotational measurement system 10. 

[0045] The laser beam 20 from a laser head (not shown here) is split by the beam splitter 
52 into two beam components 56a-b. The first beam component 56a is reflected by 
the beam splitter 52 to the beam bender 54, which is situated at a location where it 
can direct that first beam component 56a to shine on a cube corner that is currently 
positioned to be available for measurement, specifically, cube corner 14a in FIG. 5. 
The second beam component 56b transmits through the beam splitter 52 and 
shines on another cube corner, specifically cube corner 14b in FIG. 5, which is 
mounted on the opposite end of the mechanical arm 16 from cube corner 14a. 



[0046] 



When the mechanical arm 16 here rotates the cube corner 14a so that it is moving 
away, the first beam component 56a "sees" a decrease of frequency. Conversely, 
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the cube corner 14b at the opposite side of the mechanical arm 16, will be moving 
towards, and the second beam component 56b "sees" an increase of frequency. 
These two beam components 56a-b are then recombined into a returning detection 
beam 58 in which an interference signal is formed. In particular, the interference 
here is directly related to the velocity of the movements of the targeted cube corners 
14a, 14b and information about the total displacement of a target object attached to 
the rotary assembly 12 can now be extracted in conventional manner. 

[0047] With continued reference FIG. 5, pairs of cube corners 14 are shown there and this 
is necessary in the rotational measurement system 50. The cube corners 14 here 
are mounted back-to-back because of the rotational requirement that one half of a 
pair works with the first beam component 56a while the other half of the pair works 
with the second beam component 56b, i.e., 180 degrees apart. Otherwise, a single 
cube corner 14 with its front surface facing the first beam component 56a would 
later have its rear surface facing the second beam component 56b in the revolution. 

[0048] By study of the exemplary rotational measurement systems 10, 50 (and 150) it can 
be seen that the present invention is applicable to various types of laser 
interferometers, including the Michelson-type laser interferometer, the dual- 
frequency Zeeman-type laser interferometer, or the laser Doppler displacement 
sensor, as long as there is adequate laser beam power to be used in multiple axes 
measurement. Multiple laser head units can also be used as long as the 
measurement electronics can be triggered and synchronized so that there is no loss 
of signals during the change over of cube corners. 

[0049] FIG. 6A-C (extending across three pages) is a flow chart showing a process 100 
suitable for measurement in three planes, with each plane having four cube corner 
pairs that are 90( apart (e.g., as in the apparatus of FIG. 4 or FIG. 7 (discussed 
presently)). An algorithm for a configuration consisting of two measurement planes, 
with each plane having six cube corner pairs (i.e. 60( apart), is conceptually similar. 
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[0050] FIG. 7 is a perspective side view of a rotational measurement system 150 

employing a Zeeman-type laser interferometer to perform rotation measurement 
following the process 100 in FIG. 6A-C. A laser head 152 provides a laser beam 
154 that is first split into three beam components 156a-c by a 33/67% beam splitter 
158 and a 50% beam splitter 160. These beam splitters 158, 160 and a beam 
bender 162 then align the three beam components 156a-c, as shown, so that they 
pass through three respective differential interferometers 164a-cto a rotary 
assembly 166 having paired cube corners 14 on three planes 168a-c. 

[0051] During initial alignment, any one of the planes 168a-c can be used as the primary 
plane for measurement. Thus, one of the laser beam components 156a-c is aligned 
to the optimum angular position of a paired set of cube corners 14 in a 
measurement plane so that measurement can be initiated. Since the angular 
configuration between any of the measurement planes is 30( apart, the rotated 
angle can always fall into the measurement range of one of the twelve pairs of cube 
corners 14. 

[0052] 

Assuming the top plane, plane 168a, is chosen as the primary one, the top laser 
beam component 156a will enter the top differential interferometer 164a, which 
splits the laser beam component 156a into two parallel measuring beams 156aa, 
156ab that are directed towards two cube corners 14 that are mounted on the same 
mechanical arm 16 in plane 168a of the rotary assembly 166. The rotation of the 
rotary assembly 166 then causes the frequencies of these two measuring beams 
156aa, 156ab to be Doppler-shifted. One of the measuring beams 156aa, 156ab is 
shifted up in frequency and the other is shifted down, because the two cube corners 
14 are moving in opposite directions. The returning measuring beams 156aa, 156ab 
then re-enter the differential interferometer 164a and are recombined, forming a 
detection beam 170a. An interference signal is generated between these two 
returning laser measuring beams 156aa, 156ab and the frequency difference is 
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detected by a detector 172a and processed by measurement electronics 174. 

[0053] [Of course, the same process can take place with respect to the other planes 168b, 
168c. The second differential interferometer 164b is used to provide measuring 
beams 156ba, 156bb that result in a detection beam 170b that is detected by a 
second detector 172b for processing by the measurement electronics 174. And the 
third differential interferometer 164c is used to provide measuring beams 156ca, 
156cb that result in a detection beam 170c that is detected by a third detector 172c 
for processing by the measurement electronics 174.] 

[0054] The frequency differences in the respective detection beams 170a-c are directly 
proportional to the moving velocity of the cube corners 14. Accordingly, integration 
over time gives the total displacement of those cube corners 14. Since the length of 
the mechanical arms 16 between sets of the cube corners 14 can be known and 
fixed, the angular amount of rotation that has occurred in the rotary assembly 166 
can be calculated. 

[0055] The differential interferometers 164a-c offer an advantage in measurement 

accuracy. Since the measurement is performed in differential in manner, the result 
is independent of centering measurement on the rotational axis of the target object 
that the rotary assembly 166 is attached to. The rotary assembly 166 can therefore 
be placed close to but not necessarily exactly on that rotational axis and the 
rotational measurement system 150 here can still provide accurate results. 

[0056] 

While various embodiments have been described above, it should be understood 
that they have been presented by way of example only, and not limitation. Thus, the 
breadth and scope of the invention should not be limited by any of the above 
described exemplary embodiments, but should be defined only in accordance with 
the following claims and their equivalents. 
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[0057] What is claimed is: 



